Introduction
============

Epithelial ovarian cancer (EOC) is the most lethal type of ovarian cancer and accounts for 90% of all reported cases.^[@bib1]^ The lack of effective early detection markers, coupled with the vague, non-specific symptoms of this malignancy, often results in the late diagnosis of the disease and makes EOC the most fatal of all gynecological malignancies and the fifth leading cause of cancer death in women.^[@bib2]^

Cyclin G2 belongs to a group of unconventional cyclins that include cyclin G1 and cyclin I. Unlike typical cyclins, cyclin G2 expression is high in cells undergoing cell cycle arrest as well as in terminally differentiated cells.^[@bib3],\ [@bib4]^ Accumulating evidence suggests that cyclin G2 may have an important inhibitory role in cancer progression. First, growth-inhibitory signals enhance cyclin G2 levels, whereas many oncogenic signaling pathways inhibit its expression.^[@bib5],\ [@bib6]^ Second, we have previously reported that cyclin G2 inhibits EOC cell proliferation.^[@bib7]^ Similarly, overexpression of cyclin G2 reduces proliferation, colony formation and induces morphological changes in various cell types.^[@bib8],\ [@bib9],\ [@bib10]^ Finally, the expression level of cyclin G2 is negatively correlated with cancer progression and positively associated with patient survival.^[@bib10],\ [@bib11],\ [@bib12]^ For example, transforming growth factor-β and mutant p53 cooperate to promote breast cancer metastasis by opposing the activity of p63.^[@bib12]^ Furthermore, cyclin G2 has been identified as a key target of p63 and its level is associated with metastasis-free survival.^[@bib12]^ Despite its implication in human cancers, the exact functions and the underlying mechanism of cyclin G2 action in the development ovarian cancer and/or other malignancies remain unknown.

Epithelial-to-mesenchymal transition (EMT) is a process by which epithelial cells acquire motile and invasive properties, characteristic of mesenchymal-like cells.^[@bib13]^ EMT occurs naturally in development; however, it can be inappropriately exploited during carcinogenesis to augment oncogenic transformation of cancer cells, making them prone to migration and invasion. In the case of metastatic ovarian cancer, cells or cell spheroids are exfoliated from the primary site and enter the peritoneal cavity where they spread via malignant ascites.^[@bib14]^ Ovarian spheroids often maintain their mesenchymal characteristics, with reduced E-cadherin expression, and a more aggressive phenotype.^[@bib15]^

Various signaling cascades are known to contribute to the onset of EMT, including the Wnt pathway.^[@bib16]^ In the canonical Wnt pathway, absence of Wnt ligands promotes the formation of the β-catenin destruction complex, leading to the phosphorylation and degradation of β-catenin by the proteasome. When the pathway is stimulated, the Wnt receptors, frizzled and low-density lipoprotein receptor-related protein (LRP) 5/6 associate with Dishevelled (DVL) to facilitate the interaction of the destruction complex to the cytoplasmic tail of LRP, inhibiting its action on β-catenin. In this respect, free β-catenin accumulates in the cytoplasm and translocates to the nucleus where it activates the transcription of its target genes.^[@bib17]^ Wnt/β-catenin signaling is implicated in the regulation of both carcinogenesis and EMT.^[@bib17],\ [@bib18]^ In ovarian cancer cells, decreased β-catenin signaling reverses EMT and suppresses malignancy.^[@bib19]^

We have previously reported that cyclin G2 inhibits EOC proliferation.^[@bib7],\ [@bib20]^ To further understand the role of cyclin G2 in ovarian cancer development, we examined the function of cyclin G2 in EOC cells and investigated its mechanism of action. We demonstrate that cyclin G2 inhibits EOC cell proliferation, migration and invasion by inhibiting Wnt/β-catenin activity and EMT.

Results
=======

Cyclin G2 suppresses cell proliferation, migration, invasion and spheroid formation in EOCs
-------------------------------------------------------------------------------------------

As cyclin G2 was shown to be dysregulated in a variety of human cancers, we compared cyclin G2 mRNA levels in several EOC cell lines to those in normal ovary and Fallopian tube and found significantly lower levels of cyclin G2 in EOC cells than in normal tissues ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Because of the highly unstable nature of cyclin G2,^[@bib7]^ we generated various cell lines that stably express cyclin G2 and confirmed the expression of exogenous cyclin G2 by western blotting, immunofluorescence and quantitative real-time PCR (qPCR) analysis ([Supplementary Figures S1B--D](#sup1){ref-type="supplementary-material"}). We found that overexpression of cyclin G2 significantly reduced proliferation in multiple EOC cell lines ([Figures 1a and b](#fig1){ref-type="fig"} and [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}), whereas the apoptotic markers, cleaved-PARP and -caspase-3 remained similar between cyclin G2 and control cells ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). Furthermore, cyclin G2 strongly reduced the clonogenicity of EOC cells resulting in smaller and fewer colonies ([Figure 1c](#fig1){ref-type="fig"} and [Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}).

Next we investigated the role of cyclin G2 in migration and invasion. Using a scratch-wound assay, we found that cyclin G2 strongly attenuated cell migration ([Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). In transwell invasion assays, the cells stably transfected with cyclin G2 displayed decreased invasive capacity when compared with the empty vector control ([Figure 2b](#fig2){ref-type="fig"} and [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). To further confirm the anti-migratory and anti-invasive effects of cyclin G2, we performed transwell migration and invasion assays with cells pretreated with the proliferation inhibitor, mitomycin C. Cyclin G2 significantly reduced the number of cells migrated or invaded through the transwell insert ([Figure 2c](#fig2){ref-type="fig"}). The ability of EOC cells to form tight spheroids is characteristic of more aggressive tumor cells.^[@bib21]^ Using a three-dimension cell culture that better represents the *in vivo* arrangement of metastasizing ovarian cancer cells, we found that the SKOV3.ip1 cells overexpressing cyclin G2 formed much looser spheroids than the control cells, which formed well-defined and compact aggregates ([Figure 2d](#fig2){ref-type="fig"}). Similar results were obtained from HEY and ES-2 cells ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). When these spheroids were embedded into collagen I, cell migration and invasion were strongly inhibited as demonstrated by reduced cellular penetration into the surrounding matrix ([Figure 2d](#fig2){ref-type="fig"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}).

Cyclin G2 inhibits tumor development *in vivo*
----------------------------------------------

To study the *in vivo* effect of cyclin G2 on tumor progression, SKOV3.ip1 stable cells were injected subcutaneously into nude mice. Cyclin G2 cells formed small tumors that did not grow significantly over the course of the experiment, whereas mice injected with control cells produced tumors that grew much larger ([Figure 3a](#fig3){ref-type="fig"}). Similarly, in cyclin G2-overexpressing ES-2 cells, tumor formation was strongly inhibited ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Immunohistochemistry revealed that, unlike the tumors formed by control cells, tumors produced from cyclin G2-overexpressing cells failed to invade the surrounding muscle tissue layer ([Figure 3b](#fig3){ref-type="fig"}). Furthermore, intraperitoneal injection with ES-2 cells stably transfected with cyclin G2 had decreased accumulation of ascites fluid, body weight and distension of the abdomen when compared with the mice inoculated with control cells ([Figure 3c](#fig3){ref-type="fig"}).

Cyclin G2 is downregulated in EOC tumors
----------------------------------------

To determine whether cyclin G2 is dysregulated during EOC development, we interrogated ovarian cancer microarray data sets on Oncomine and found lower cyclin G2 mRNA levels in ovarian carcinoma when compared with normal ovarian surface epithelium or borderline tumors of the ovary ([Figures 3d--f](#fig3){ref-type="fig"} and [Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). Consistent with these results, qPCR of human ovarian tumor samples revealed lower cyclin G2 mRNA levels in high-grade carcinomas compared with the low malignant potential tumors in all histological subtypes of ovarian cancer analyzed ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). Similarly, data retrieved from the Hendrix Ovarian data set^[@bib22]^ on Oncomine showed consistently higher levels of cyclin G2 in normal ovary compared with the clear cell, mucinous, endometrioid and serous subtypes of ovarian cancers ([Supplementary Figure S6C](#sup1){ref-type="supplementary-material"}).

Cyclin G2 inhibits EMT
----------------------

EMT has a critical role in tumor development by reverting epithelial cells to a more mesenchymal state.^[@bib13]^ In cyclin G2-overexpressing cells, we observed morphological changes representative of epithelial cells. Although control cells displayed spindle-shaped morphology, cyclin G2-overexpressing cells were rounded and showed greater cell-to-cell contacts ([Figure 4a](#fig4){ref-type="fig"}). To test the hypothesis that cyclin G2 may regulate EMT, we examined a panel of EMT marker genes, including *CDH1* (E-cadherin), *SNAI1* (Snail), *SNAI2* (Slug), *ZEB1*, *ZEB2*, *CDH2* (N-Cadherin) and *VIM* (vimentin), and found that cyclin G2 increased the mRNA level of epithelial marker *CDH1* but decreased the mesenchymal markers ([Figure 4b](#fig4){ref-type="fig"} and [Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). Moreover, the high-mobility group AT-hook 2, which is a marker of poorly differentiated cancers,^[@bib23]^ was shown to be decreased in cyclin G2-overexpressing cells ([Figure 4b](#fig4){ref-type="fig"}). Similarly, the protein level of E-cadherin was upregulated in cyclin G2 cells, accompanied by a decrease in vimentin levels ([Figure 4c](#fig4){ref-type="fig"} and [Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}). Finally, in tumors formed from cyclin G2-overexpressing cells, E-cadherin levels were strongly enhanced when compared with the control ([Figure 4d](#fig4){ref-type="fig"}).

To further investigate the effect of cyclin G2 on EMT, we examined the organization of actin filaments. Using immunofluorescence, we observed a more bundled and circumferential arrangement of the F-actin in the cyclin G2-overexpressing cells, while the empty vector control group exhibited a more complex array of F-actin, which denotes morphological changes associated with mesenchymal-type cells ([Figure 4e](#fig4){ref-type="fig"}).

Silencing of cyclin G2 enhances cell migration and augments EMT markers
-----------------------------------------------------------------------

As SKOV3.ip1 cells expressed the highest *CCNG2* mRNA of the EOC cell lines tested, we determined whether silencing of cyclin G2 in these cells would affect the expression of EMT marker genes and cell migration. As shown in [Figure 5](#fig5){ref-type="fig"}, knockdown of cyclin G2 ([Figure 5a](#fig5){ref-type="fig"}) resulted in increased cell migration ([Figure 5b](#fig5){ref-type="fig"}). In addition, *CDH1* mRNA was decreased, whereas mesenchymal markers *VIM*, *SNAI1*, *SNAI2* and *ZEB2* were all increased when cyclin G2 expression was silenced ([Figure 5c](#fig5){ref-type="fig"}).

Cyclin G2 attenuates Wnt/β-catenin signaling
--------------------------------------------

E-cadherin has been reported to inhibit EOC growth by forming a complex with β-catenin at the adherens junction, sequestering it at the membrane and inhibiting the activation of its target genes.^[@bib24]^ Therefore, we tested whether cyclin G2 inhibits EOC by suppressing β-catenin signaling. Immunofluorescence revealed that β-catenin was diffusely organized with a greater proportion found in the nucleus. However, in cyclin G2-overexpressing cells, nuclear β-catenin was reduced while more β-catenin was accumulated at the cell periphery ([Figure 6a](#fig6){ref-type="fig"}). Cell fractionation revealed that cyclin G2 decreased β-catenin levels in both the cytoplasmic and nuclear fractions ([Figure 6b](#fig6){ref-type="fig"}). In addition, total β-catenin levels were found to be lower in the cyclin G2-overexpressing cells compared with the control, whereas the phosphorylated form of β-catenin at Ser33, Ser37 and Thr41 was enhanced ([Figure 6c](#fig6){ref-type="fig"} and [Supplementary Figure S7C](#sup1){ref-type="supplementary-material"}). Furthermore, a significant decrease in the expression of the β-catenin target mRNAs, *AXIN2*, *LEF1* and *TCF1*, was observed in the cyclin G2 cells compared with the control cells ([Figure 6d](#fig6){ref-type="fig"}). Finally, cyclin G2 significantly suppressed the transcriptional activity of β-catenin, as measured by the TOPFlash luciferase reporter assays ([Figure 6e](#fig6){ref-type="fig"} and [Supplementary Figure S7D](#sup1){ref-type="supplementary-material"}).

In the canonical Wnt/β-catenin pathway, β-catenin is protected from degradation when Wnt ligands bind to their receptors. To explore the mechanisms by which cyclin G2 decreased β-catenin levels and activity, we examined the protein level of several key molecules involved in Wnt signaling and found that DVL2 and LRP6 were inhibited by cyclin G2 ([Figure 6f](#fig6){ref-type="fig"}). However, there was no difference in *DVL2* and *LRP6* mRNA levels ([Supplementary Figure S7E](#sup1){ref-type="supplementary-material"}). To further confirm the regulation of LRP6, DVL2 and β-catenin by cyclin G2, SKOV3.ip1 cells were transiently transfected with FLAG-tagged cyclin G2, and protein samples were collected before transfection or at various time points thereafter. At 5 h posttransfection, cyclin G2 expression was detected along with a decrease in LRP6 levels while a subsequent and sustained decrease in DVL2 and β-catenin was observed 8 h after transfection ([Figure 6g](#fig6){ref-type="fig"}).

Cyclin G2 functions are attenuated by constitutively active β-catenin or silencing of E-cadherin
------------------------------------------------------------------------------------------------

To determine whether inhibition of β-catenin is critical for the observed effects of cyclin G2, we tested whether constitutive activation of β-catenin could reverse the action of cyclin G2. The mutant β-catenin (S33Y) is resistant to phosphorylation and is not recognized by the proteasome for degradation. Transfection of the S33Y-β-catenin mutant ([Figure 7a](#fig7){ref-type="fig"}) reversed the effect of cyclin G2 on E-cadherin and vimentin expression ([Figure 7b](#fig7){ref-type="fig"}), as well as cell proliferation and migration ([Figure 7c](#fig7){ref-type="fig"}).

β-catenin can indirectly decrease E-cadherin expression via upregulation of its transcriptional repressors.^[@bib25],\ [@bib26]^ Therefore, we examined whether silencing of E-cadherin would reverse the effects of cyclin G2. Knockdown of E-cadherin using siRNA ([Supplementary Figure S8A](#sup1){ref-type="supplementary-material"}) reversed the suppressive effects of cyclin G2 on proliferation, migration and invasion ([Figure 7d](#fig7){ref-type="fig"} and [Supplementary Figures S8B and C](#sup1){ref-type="supplementary-material"}). In the 3D hanging drop culture, knockdown of E-cadherin in the cyclin G2 cells rescued the well-defined and compact formation of spheroids ([Supplementary Figure S8D](#sup1){ref-type="supplementary-material"}). These results suggest that attenuation of β-catenin signaling and induction of E-cadherin are important mechanisms by which cyclin G2 exerts its antitumor effects.

Discussion
==========

The present study was carried out to investigate if and how cyclin G2 is involved in ovarian cancer progression. Multiple lines of evidence often implicate cyclin G2 as part of signaling cascades that inhibit tumor progression. However, its role in ovarian cancer and its molecular mechanisms have yet to be elucidated. Our study demonstrates that cyclin G2 exerts antitumor effects in ovarian cancer cells by inhibiting EMT and attenuating Wnt/β-catenin signaling.

Accumulating evidence suggests that cyclin G2 expression is negatively correlated with cancer progression and positively associated with patient survival. In various human cancers, cyclin G2 is significantly lost as cells move through a step-wise cancer progression model,^[@bib10],\ [@bib27]^ and its expression has been shown to be inversely correlated with more advanced stages of disease.^[@bib11],\ [@bib28]^ However, little is known about the expression level and biological function of cyclin G2 in ovarian cancer. Interrogation of several large cohorts of datasets found on Oncomine and analysis of human clinical samples revealed a lower cyclin G2 mRNA level in advanced ovarian carcinoma samples, suggesting that the loss of cyclin G2 may contribute to EOC development. Collectively, these findings, coupled with a poor understanding of cyclin G2 function, warrant the full investigation of cyclin G2 in both normal and malignant cells.

Previous studies have shown that cyclin G2 can suppress proliferation in a variety of cells.^[@bib4],\ [@bib7],\ [@bib8],\ [@bib10],\ [@bib29]^ In this study, we used various approaches to comprehensively analyze the role of cyclin G2 and provided strong evidence that cyclin G2 exerts antitumor effects in EOC cells. Specifically, cyclin G2 inhibits cell proliferation, migration and invasion, which can account for the observed decreased tumor burden *in vivo.* Likewise, silencing of cyclin G2 increased cell migration. These findings support the notion that loss of cyclin G2 contributes to the development of EOC.

The present work has uncovered molecular mechanisms by which cyclin G2 exerts antitumor effects. Many studies have suggested that EMT has a key role in EOC metastasis. For example, EMT is thought to regulate mesothelial cell clearance and drive early dissemination of EOC cells into the peritoneal cavity.^[@bib30]^ In addition, metastasizing ovarian cancer cells can be clearly distinguished from the primary tumor sample of the same patient by an expression signature of genes associated with EMT.^[@bib31]^ Furthermore, various genes that induce EMT are also associated with increased tumor aggressiveness, stemness and chemoresistance.^[@bib32],\ [@bib33],\ [@bib34]^ We observed that cyclin G2 upregulated the expression of E-cadherin but suppressed the expression of several mesenchymal markers. Phenotypically, cyclin G2-overexpressing cells exhibited epithelial characteristics, typical of less metastatic tumor cells.^[@bib35]^ Finally, siRNA-mediated knockdown of E-cadherin attenuated the antitumor effects of cyclin G2. These findings strongly suggest that inhibition of EMT is a major mechanism by which cyclin G2 inhibits ovarian cancer development.

Canonical Wnt/β-catenin signaling is important to the induction of EMT.^[@bib36],\ [@bib37]^ Dysregulated signaling of the Wnt/β-catenin pathway has been shown to increase proliferation and malignancy of various human cancers, including ovarian.^[@bib16]^ We observed that cyclin G2 enhanced membrane-associated β-catenin, whereas decreased nuclear β-catenin and suppressed β-catenin transcriptional activity. It is proposed that Wnt ligand binding to its receptor promotes the interaction of DVL with the Wnt-co-receptors to facilitate the interaction between LRP and the β-catenin destruction machinery. Sequestering of the destruction complex allows β-catenin to enter the nucleus and regulate transcription.^[@bib17]^ Interestingly, we observed downregulation of DVL2 and LRP6 by cyclin G2. Therefore, it is possible that cyclin G2 decreases the level of Wnt mediators, leading to reduced Wnt activity and destruction of β-catenin.

Several lines of evidence suggest that attenuation of the Wnt/β-catenin pathway is responsible, at least in part, for the inhibition of EMT by cyclin G2. First, stable or transient transfection of cyclin G2 decreased Wnt/β-catenin signaling. Second, constitutively active β-catenin reversed the effect of cyclin G2 on E-cadherin and vimentin expression. Furthermore, previous reports have shown that the inhibition of Wnt signaling in ovarian cancer cells diminished the capacity of cells to adhere and migrate, which was attributed to the inhibition of EMT.^[@bib38]^

Although data presented here clearly defines the inhibitory role of cyclin G2 on Wnt/β-catenin signaling, how cyclin G2 exerts its effects on LRP6, DVL2 and β-catenin remains to be investigated in the future. Cyclin G2 has been reported to regulate gene transcription in cooperation with other transcription factors, such as peroxisome proliferator-activated receptor-γ.^[@bib39]^ In this study, we also observed that cyclin G2 is present in both the cytoplasm and nucleus. However, we did not detect changes in *DVL2* or *LRP6* mRNA levels. Furthermore, we found that decrease in LRP6 and DVL2 occurred rapidly following cyclin G2 transfection. These findings suggest that cyclin G2 inhibits LRP6 and DVL2 mainly by enhancing their degradation. Cyclin G2 has been recently reported to promote autophagy in chronic myeloid leukemia cells,^[@bib40]^ and autophagy has been shown to inhibit Wnt signaling by induction of DVL2 degradation.^[@bib41]^ In addition, as we have found that cyclin G2 caused an upregulation of the phosphorylated form of β-catenin, it is possible that it may also regulate the activity and/or stability of the β-catenin destruction complex. Indeed, cyclin G2 can form a complex with protein phosphatase 2A (PP2A),^[@bib8]^ and the association of PP2A in the β-catenin destruction complex has been described.^[@bib42]^ Therefore, cyclin G2 may act to correctly distribute one or more of these proteins to the destruction complex for efficient degradation of β-catenin. Future studies will aim to elucidate the mechanisms by which cyclin G2 regulates the canonical Wnt pathway.

We propose that cyclin G2 suppresses malignancy by maintaining an epithelial phenotype through attenuation of β-catenin signaling in ovarian cancer cells. Specifically, cyclin G2 downregulates critical components of the Wnt pathway, namely, LRP6, DVL2 and β-catenin, resulting in inhibition of mesenchymal genes and upregulation of E-cadherin. In addition, E-cadherin sequesters β-catenin at the membrane and forms a complex with F-actin, which modulates cytoskeleton dynamics and decreases the migratory capacity of cancer cells ([Figure 8a](#fig8){ref-type="fig"}). Low cyclin G2 expression, as observed in cancer cells, will contribute to higher activity of Wnt/β-catenin and confer ovarian cancer cells with more aggressive characteristics ([Figure 8b](#fig8){ref-type="fig"}). We suggest that the loss of cyclin G2 may define a critical turning point in oncogenesis that promotes EMT and cancer cell dissemination, leading to metastasis.

Taken together, our study conceptually advances the current understanding of the molecular mechanisms by which cyclin G2 functions, especially within the context of Wnt signaling, and highlights the importance of cyclin G2 in inhibiting ovarian cancer progression. Our findings further support the Wnt/β-catenin pathway as a potential therapeutic target for ovarian cancer. Future studies will investigate how cyclin G2 is regulated and explore the possibility of suppressing the pathways that inhibit cyclin G2 or promote β-catenin signaling as targeted therapies for ovarian cancer.

Materials and methods
=====================

Cell lines and cell culture
---------------------------

Four different EOC cell lines were used in this study. ES-2, SKOV3 (both purchased from American Type Culture Collection, Manassas, VA, USA) and SKOV3.ip1 (kindly provided by Dr Mien-Chie Hung, MD Anderson Cancer Center, Houston, TX, USA) were maintained in McCoy\'s (Sigma-Aldrich, Oakville, ON, Canada) culture media, supplemented with 10% fetal bovine serum (Life Technologies, Burlington, ON, Canada). HEY cells (obtained from Dr Ted Brown, Mount Sinai Hospital, Toronto, ON, USA) were maintained in RPMI-1640 (GE HyClone, Logan, UT, USA) medium containing 10% fetal bovine serum. Cells were regularly tested to be free of mycoplasma contamination.

Plasmids, transfection and RNA interference
-------------------------------------------

FLAG-tagged cyclin G2 (FLAG-CCNG2) was generated and described previously.^[@bib7]^ All other plasmids were obtained from Addgene (Cambridge, MA, USA). To generate cell lines stably overexpressing cyclin G2, FLAG-CCNG2 was cloned into a viral vector, pBabe-puro.^[@bib43]^ Virus was produced by co-transfecting either pBabe-FLAG-CCNG2 or pBabe-empty vector, with a packaging plasmid, pUMVC and an envelope plasmid, pCMV-VSVg,^[@bib44]^ into 293T cells using the calcium phosphate protocol. Virus was harvested and used to infect each target cell line. Transient transfection of the FLAG-cyclin G2 or β-catenin-S33Y^[@bib45]^ was carried out using Lipofectamine 2000 (Life Technologies) according to the manufacturer\'s protocol. Lipofectamine RNAiMAX (Life Technologies) was used for the transfection of siRNAs targeting cyclin G2, E-cadherin or a non-targeting control (100 n[m]{.smallcaps}). The siRNAs (GenePharma Co, Shanghai, China) sequences are listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Oncomine data and tumor samples
-------------------------------

Primary sources for the tumor data obtained from Oncomine ([www.oncomine.org](http://www.oncomine.org)) were the following: Bonome,^[@bib46]^ Tothill,^[@bib47]^ Anglesio,^[@bib48]^ Yoshihara,^[@bib49]^ and Hendrix.^[@bib22]^ The sample size of each cohort is listed in the figure legend. Ovarian tumor samples were obtained from the Ottawa Ovarian Cancer Tissue Bank, through a protocol approved by the Research Ethics Board at The Ottawa Hospital, and with appropriate patient consent.

RNA extraction and qPCR
-----------------------

Total RNA from human ovary or Fallopian tube was purchased from Agilent Technologies (Mississauga, ON, Canada). Total RNA was extracted using TRIzol reagent (Life Technologies) following the manufacturer\'s protocol. RNA was reversed transcribed to cDNA using SuperScriptIII (Life Technologies). qPCR was carried out in 20 μl volumes containing 1 × EvaGreen qPCR master mix (Applied Biological Materials Inc., Richmond, BC, Canada) on the Qiagen Rotorgene Q (Valencia, CA, USA). Primers are listed in [Supplementary Table S2](#sup1){ref-type="supplementary-material"}. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The relative expression levels of mRNA were quantified using the ΔΔCt method.

Western blotting analysis
-------------------------

Cells were lysed in a buffer containing 150 m[M]{.smallcaps} NaCl, 1% Nonidet P-40, 50 m[M]{.smallcaps} Tris/HCl (pH 7.4) supplemented with protease and phosphatase inhibitors (Life Technologies). Equal amounts of protein were separated by 10% sodium dodecyl sulfate--polyacrylamide gel electrophoresis and resolved by immunoblotting. Primary antibodies are listed in [Supplementary Table S3](#sup1){ref-type="supplementary-material"}. Proteins were visualized by Luminata Classico Western HRP Substrate (EMD Milipore, Etobicoke, ON, Canada). Where indicated, cells were treated with cyclohexamide (5 μg/ml, Sigma-Aldrich) prior to protein lysis. In some cases, cytoplasmic and nuclear fractions were separated using the NE-PER Extraction Kit (Life Technologies).

Immunofluorescence imaging and immunohistochemistry
---------------------------------------------------

Cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100 for 10 min, blocked with 1% bovine serum albumin for 30 min and incubated with anti-β-catenin-488 antibody (1:100), Palloidian--fluorescein isothiocyanate (50 μg/ml) or DYKDDDDK Tag-488 antibody (FLAG detection, 1:100) in phosphate-buffered saline containing 1% bovine serum albumin and 4,6-diamidino-2-phenylindole (1 μg/ml) for nuclear imaging. Microscopy was performed using a Zeiss LSM 700 confocal microscope (Toronto, ON, Canada).

Immunohistochemistry of mouse tumors was performed as described previously.^[@bib50]^ Some sections were stained with hematoxylin and eosin and others employed anti-E-cadherin as a primary antibody. Biotinylated secondary antibody was followed by conjugated horseradish peroxidase provided by the Vectastain ABC Kit (PK-4000, Vector Laboratories, Burlington, ON, Canada). The slides were then counterstained with 3,3′diaminobenzidine and Mayer\'s Hematoxylin.

Cell growth, proliferation and clonogenic assays
------------------------------------------------

Cells were seeded at a density of 50 000 cells per well in a six-well plate and maintained in media containing 10% fetal bovine serum. At the end of the experiment, cell number was determined using trypan blue exclusion. Cell proliferation assays were carried out using the bromodeoxyuridine (BrdU) cell proliferation assay kit (BioVision, Milpitas, CA, USA) according to the manufacturer\'s protocol. Briefly, 10 000 cells/well were seeded into a 96-well plate and incubated for 72 h prior to addition of the BrdU solution. BrdU incorporation was measured by absorbance at 450 nm. For clonogenic assay, cells were seeded onto 60 mm culture dishes at the density of 1000 cells/well. Cultures were maintained for 9--12 days in complete culture media until colonies appeared. The colonies were fixed with 4% paraformaldehyde and stained with 0.5% crystal violet. The plates were photographed and the numbers of visible colonies were counted.

Migration and invasion assays
-----------------------------

Cell migration was determined using wound healing and transwell migration assays as previously reported.^[@bib51]^ Cells were photographed by a Nikon Eclipse TE2000-U fluorescence microscope (Mississauga, ON, Canada) at × 100 total magnification and counted using Image J (NIH, Bethesda, MD, USA). Transwell invasion assays were performed in the same manner as the transwell migration assay with the exception that transwell inserts were precoated with growth-factor-reduced Matrigel (1:40, BD Biosciences, Mississauga, ON, Canada). In some experiments, cells were treated with a proliferation inhibitor, mitomycin C (10 μg/ml, Sigma-Aldrich) for 2 h prior to the migration/invasion assay.

Spheroid formation and 3D migration assay
-----------------------------------------

A hanging drop culture^[@bib21]^ was used to determine the ability of cells to form spheroids. Briefly, at least 20 droplets containing 20 000 cells in 20 μl were plated into the inner surface of Petri dish cover. The covers were inverted and placed on a dish containing 15 ml of phosphate-buffered saline. Spheroids were photographed on the fourth day after plating. For 3D migration assays, spheroids were embedded into two layers of rat-tail collagen I (BD Biosciences) in a 96-well plate. Images were recorded immediately after polymerization, 3 and 6 days later. Cell migration was visualized by cellular penetration into the surrounding matrix.

TOPFlash reporter assay
-----------------------

TOPflash reporters assay was used for the detection of β-catenin/TCF transcriptional activity. Cells were transiently co-transfected with TOPflash reporter construct and Renilla control plasmid. The Dual-Luciferase Reporter Assay System (Promega, Fitchburg, WI, USA) was used to detect the activities of Firefly and Renilla according to the manufacturer\'s protocol.

Tumor-formation assays
----------------------

All animal protocols received institutional animal care committee approval for animal research, and work was conducted in accordance to the guidelines of the Canadian Council on Animal Care. Female 4--6-week-old CD1 nude mice (Charles River Laboratories, St-Constant, QC, Canada) were randomized into two groups for *in vivo* tumor studies. In all, 1 × 10^6^ cells were used for subcutaneous and 5 × 10^6^ cells were used for intraperitoneal injection. Mice were killed and photographed. Tumors were excised, weighed and measured for subcutaneous injection, and total body weight was recorded for intraperitoneal injection. Investigators were not blinded for animal studies. For subcutaneous injection, one mouse from the control group was excluded based on unusual tumor regression after day 43. Group size was selected based on experience with xenograft models and in compliance with the guideline of the animal care committee to use the minimum number of animals required. The number of mice used in each experiment is indicated in figure legends.

Statistical analyses
--------------------

Results are expressed as mean±s.e.m. from a representative experiment, and the number of replicates is indicated in figure legends. Each experiment was repeated two to three times. Group size was selected based on cell and reagent limitations while still achieving statistically relevant results. One-way analysis of variance was used to determine the difference among multiple groups, followed by Newman--Keul\'s test. Comparison of two groups was performed by two-sided Student\'s *t*-test. F-tests were used to determine the variance between each group, and normal distribution was assessed by D\'Agostino--Pearson test for normality (*n* values \>8). GraphPad Prism (La Jolla, CA, USA) was used to conduct statistical testing, and significance was defined as *P*\<0.05.
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![Cyclin G2 suppresses ovarian cancer cell proliferation. (**a**) Trypan blue exclusion assays. SKOV3.ip1 (left panel) and ES-2 (right panel) cells stably expressing cyclin G2 (CCNG2) or its control vector (EV) were plated at equal density and cultured for 1, 3 and 5 days (*n*=3). (**b**) BrdU proliferation assay of SKOV3.ip1 (left panel) and ES-2 (right panel) cells stably expressing CCNG2 or its control vector (EV). Cells were plated in a 96-well plate and incubated for 72 h prior to BrdU incorporation and detection (*n*=10). (**c**) Clonogenic assay. ES-2 stable cells were plated at low density and cultured for 12 days. Representative pictures (left panel) and a summary graph (right panel) are shown (*n*=3). \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001 vs EV.](onc201615f1){#fig1}

![Cyclin G2 (CCNG2) suppresses ovarian cancer cell migration, invasion and spheroid formation. (**a**) Wound-healing assays using SKOV3.ip1 stable cells. Pictures were taken right after the wound was created (0 h) and 24 h later. Representative pictures (top panel) and a summary graph (bottom panel) are presented (*n*=3). (**b**) Matrigel-coated transwell-invasion assays of SKOV3.ip1 stable cells. Red arrows indicate invaded cells while black arrows denote transwell pores (*n*=3). (**c**) SKOV3.ip1 stable cells were treated with mitomycin C for 2 h prior to transwell migration (left panel) and invasion (right panel). Representative graphs are shown (*n*=3). (**d**) Spheroid formation and invasion assays. Hanging drop cultures were performed using SKOV3.ip1 stable cells. Spheroids were observed and photographed 4 days after plating (left panel) and then embedded into collagen I. Degree of cell invasion was observed by cellular penetration into the surrounding matrix after 3 days (right panel). \**P*\<0.05; \*\**P*\<0.01 vs empty vector control (EV).](onc201615f2){#fig2}

![Cyclin G2 (CCNG2) inhibits *in vivo* tumor formation and its expression is reduced in human ovarian carcinoma. (**a**) SKOV3.ip1 stable cells expressing control vector (EV) or CCNG2 were injected subcutaneously into nude mice. Tumor sizes were measured after sizeable tumors began to form (day 15), and mice were killed on day 68 (*n*=4 for EV and *n*=5 for CCNG2). (**b**) Hematoxylin and eosin staining of tumor sections showing invasion of tumor cells into surrounding smooth muscle (arrow heads). Scale bar=50 mm (*n*=3). (**c**) ES-2 stable cells were injected intraperitoneally into nude mice (*n*=3). Mice were weighed on days 13, 18 and before killing on day 20 (*n*=3). Representative pictures of mice inoculated with EV or CCNG2-overexpressing cells. \*\**P*\<0.01; \*\*\*\**P*\<0.0001 vs EV. (**d**--**f**) Interrogation of ovarian cancer microarray data sets using Oncomine ([www.oncomine.org](http://www.oncomine.org)). (**d**) Lower *CCNG2* levels were found in ovarian carcinoma (*n*=185) when compared with normal ovarian surface epithelium (OSE, *n*=10) in the Bonome data set.^[@bib46]^ (**e**) Significantly lower *CCNG2* expression is found in ovarian carcinoma (*n*=171) compared with borderline OSE and stromal tumors (*n*=18) in the Tothill data set.^[@bib47]^ (**f**) Anglesio data set comparing *CCNG2* mRNA levels in borderline tumors (*n*=30) and ovarian carcinoma (*n*=44).^[@bib44]^](onc201615f3){#fig3}

![Cyclin G2 (CCNG2) inhibits EMT in EOC cells. (**a**) Morphological changes in cells stably transfected with CCNG2. CCNG2 overexpression resulted in greater cell--cell contacts when compared with cells transfected with empty vector (EV). (**b**) mRNA levels of several EMT makers in EV and CCNG2-overexpressing SKOV3.ip1 cells (*n*=3). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001 vs EV. (**c**) Protein levels of the EMT markers, E-cadherin and vimentin in SKOV3.ip1 stable cells assessed by western blotting. (**d**) Immunohistochemistry of tumor sections obtained from mice subcutaneously injected with EV or CCNG2 stable cells, using an anti-E-cadherin antibody. Scale bar=50 mm. (**e**) Immunofluorescent staining of F-actin using phalloidin--fluorescein isothiocyanate in SKOV3.ip1 stable cells.](onc201615f4){#fig4}

![Silencing of cyclin G2 in SKOV3.ip1 enhances cell migration and augments EMT markers. (**a**) Cyclin G2 (*CCNG2*) mRNA levels in cells transfected with siRNA targeting *CCNG2* (si-CCNG2) or its negative control (si-NC). (**b**) Knockdown of *CCNG2* by siRNA increased cell migration in transwell migration assay. (**c**) mRNA levels of several EMT makers in negative control and si-CCNG2 transfected cells (*n*=3). \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001 vs si-NC.](onc201615f5){#fig5}

![Cyclin G2 (CCNG2) attenuates Wnt/β-catenin signaling. (**a**) Immunofluorescence staining of β-catenin in SKOV3.ip1 stable cells. CCNG2 overexpression directed β-catenin away from the nucleus to the membrane, while the empty vector (EV) cells showed a higher nuclear stain. (**b**) Cyclin G2 reduced cytosolic and nuclear β-catenin levels. Cells lysates were prepared from cytosolic and nuclear fractions. β-catenin, GAPDH (cytosolic control) and Lamin B (nuclear control) were analyzed by western blotting. (**c**) Western blotting analysis of phospho and total β-catenin in control and CCNG2 stable cells. (**d**) Relative transcript levels of β-catenin target genes, *AXIN2, TCF1* and *LEF1*, as measured by qPCR (*n*=3). (**e**) TOPFlash luciferase reporter assay for β-catenin transcriptional activity (*n*=3). (**f**) Western blotting analysis showing that LRP6 and DVL2 levels were reduced in cells stably transfected with CCNG2. (**g**) Western blotting analysis of cells transiently transfected with the FLAG-CCNG2 plasmid. Protein samples were prepared at the time points indicated immediately following transfection. \**P*\<0.05; \*\*\**P*\<0.001 vs EV.](onc201615f6){#fig6}

![β-Catenin and E-cadherin are involved in the action of cyclin G2 (CCNG2). (**a**) Transient transfection of constitutively active β-catenin (S33Y). (**b**) β-Catenin S33Y mutant rescued the expression of vimentin and decreased E-cadherin protein levels in SKOV3.ip1 stably transfected with CCNG2. (**c**) β-Catenin S33Y mutant reversed the effect of CCNG2 on cell proliferation assay (top panel) and migration assay (bottom panel). Control (EV) and CCNG2-stable cells were transiently transfected with control vector or β-catenin-S33Y, and trypan blue exclusion or transwell migration assays were performed at 48 h after transfection. (**d**) Silencing of E-cadherin attenuated the effects of CCNG2. EV or CCNG2 cells were transfected with E-cadherin siRNA (si-CDH1) or its scrambled control (si-NC). Cell proliferation (top panel), migration (middle panel) and invasion (bottom panel) were measured (*n*=3). \**P*\<0.05 vs all other groups.](onc201615f7){#fig7}

![Proposed mechanism of cyclin G2 (CCNG2) action in ovarian cancer cells. (**a**) CCNG2 inhibits Wnt signaling by suppressing LRP6 and DVL2 expression, resulting in the activation of the β-catenin destruction complex and the degradation of cytosolic β-catenin. Inhibition of β-catenin suppresses TCF/LEF signaling and prevents the induction of its downstream target genes. Subsequent inhibition of pro-EMT transcription factors promotes the expression of E-cadherin, which in turn further sequesters β-catenin at the membrane. In addition, E-cadherin and β-catenin form a complex with F-actin, which modulates cytoskeleton dynamics and decreases the migratory capacity of cancer cells. (**b**) Low CCNG2 expression allows for the accumulation of β-catenin in the cytoplasm. Free β-catenin can translocate to the nucleus and stimulate the transcription of genes that contribute to EMT in ovarian cancer cells.](onc201615f8){#fig8}
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